The Effects of Heat Treatment Atmosphere on the Bone-Like Apatite Inducement on the Alkali Treated Ti-6Al-4V Surfaces  by Lu, Chi-Fen et al.
 Procedia Engineering  36 ( 2012 )  179 – 185 
1877-7058 © 2012 Published by Elsevier Ltd.
doi: 10.1016/j.proeng.2012.03.028 
IUMRS-ICA 2011 
The Effects of Heat Treatment Atmosphere on the Bone-Like 
Apatite Inducement on the Alkali Treated Ti-6Al-4V Surfaces 
Chi-Fen Lua, Hsin-Ming Huanga, Chun-Hui Chua, Wang-Long Lib,  
Ting-Fu Honga,* 
aDepartment of Materials Engineering, National Pingtung University of Science and Technology, Pingtung, Taiwan, ROC. 
bDepartment of Materials Science and Engineering, National Cheng-Kung University, Tainan, Taiwan, ROC. 
 
Abstract 
The purpose of this study is to investigate the bone-like apatite inducement ability on the 5M NaOH, deionized water 
and 600°C atmospheric or vacuum heat treated Ti-6Al-4V surfaces in the modified simulated body fluid (m-SBF) 
solutions. The alkali-heat treated specimens were soaked in m-SBF up to 7 days for their bioactivity evaluation and 
induced bone-like apatite layer investigation. All the samples were characterized their surface morphology, chemical 
and bioactivity by SEM, EDX, XRD and contact angle analysis, respectively. The experimental results show that a 
thin HA-rich bone-like apatite layer was formed along all the alkali-heat treated Ti-6Al-4V surfaces within 5 days 
after soaking in the m-SBF. It is also found the alkali-atmospheric heat treated Ti-6Al-4V samples have more 
favourable bioactivity than alkali-vacuum heat treated counterparts. 
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1. Introduction 
Titanium (Ti) and its alloys are ideally suitable for medical implants due to their favourable mechanical 
and biological compatibilities. However, such metals are bioinert, and therefore do not easily form 
chemical bonds with the host tissue. Thus, to create a bioactive layer on their surfaces for direct bonding 
capability to the surrounding tissues is normally considered for a permanent implant applications [1-2].  
Various methods are applied to coat a thin layer of bioactive material such as hydroxyapatite (HA, 
Ca10(PO4)6(OH)2) on the metal implant surfaces, such that chemical bonds are formed between the 
implant and the surrounding bone tissue following implantation [3-4]. The HA coating on the implant is 
predominantly fabricated using sol–gel coating [5-8], electrochemical deposition [9-10], or plasma 
spraying methods [11-12]. Plasma spraying technique has been widely used on such purpose nowadays. 
However, there are still some insufficient problems arising during this process. For example, the high 
temperature (over 6000°C) generated during the process may degrade the crystallinity and phase 
composition of HA, and therefore reduces the adhesive and biological performances [13-15]. 
Recently, there has been an increasing interest in utilizing simple chemical and biomineralisation 
methods to treat and bioactivate Ti and its alloys surfaces at a relatively low temperature, especially for 
samples with a complex shape or porous structure [16]. The concept of sol-gel and following biomimetic 
mineralization was inspired by Kokubo and his colleagues from 1990 [17-22]. A layer of calcium 
phosphate is produced on those surfaces with active chemical groups, which serve as nucleation sites for 
mineralization [21]. 
The purpose of this study is to investigate the bone-like apatite inducement ability on the 5M NaOH, 
deionized water (DI water) and 600°C atmospheric and the vacuum heat treated Ti-6Al-4V surfaces. All 
the samples were soaked in m-SBF [21] for up to 7 days for the formation of bone-like apatite layer and 
then characterized their surface morphology, chemical and wet abilities by SEM, EDX, XRD and contact 
angle analysis, respectively. 
2. Experimental 
2.1. Sample preparation 
Ti-6Al-4V substrates were sliced into thin plates with dimension of 10mm×10mm×1mm. The plates 
were ground using 120, 240, 400 and 600 grit SiC paper in order. All substrates were ultrasonically 
cleaned in acetone, ethanol and pure water to remove possible impurities introduced during sectioning 
and grinding. The sliced samples were immersed in a 5M NaOH aqueous solution and then DI water at 
60°C for 24 hours each. Samples were then heat-treated at 600°C for 1 hour under atmosphere (1 atm) or 
vacuum (0.921 atm) condition, respectively. 
2.2. Bioactivity evaluation 
The alkali-heat-treated samples were soaked in an m-SBF at 36.5°C up to 7 days for bioactivity 
evaluation. The m-SBF were prepared by dissolving reagent-grade chemicals of sodium chloride (NaCl), 
sodium hydrogen carbonate (NaHCO3), sodium carbonate (Na2CO3), potassium chloride (KCl), 
dipotassium hydrogen phosphate trihydrate (K2HPO4•3H2O), magnesium chloride hexahydrate 
(MgCl2•6H2O), calcium chloride (CaCl2), and sodium sulphate (Na2SO4) into deionised water. 1.0 M 
NaOH was used to buffer the solution to pH 7.40 at 36.5°C. 
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2.3.  Characterization of surface properties 
The surface morphology of the samples was examined by scanning electron microscopy (SEM, 
HITACHI S-3000N). The elements and phases that contained in surface structures were analyzed by 
energy dispersive X-ray spectroscopy (EDX) equipped in SEM, and X-ray diffractometry (XRD, 
BRUKER D8 ADVANCE), respectively. The XRD was performed at 2ș angles from 20º to 60º at a 
scanning speed of 0.6º/min. The wettability of the surfaces was evaluated by contact angle measurement 
(First Ten Angstroms 1000), where m-SBF was used as the test medium. All the samples were coded and 
summarized in Table 1 for convenient purpose. 
Table 1. An example of a table. 
Code Sample 
Ti-6Al-4V As cleaned Ti-6Al-4V 
5M Ti-6Al-4V after alkali treatment 
5M-W Ti-6Al-4V after alkali and DI water treatments 
5M-W-H Ti-6Al-4V after alkali, DI water and atmospheric heat treatments 
5M-W-V Ti-6Al-4V after alkali, DI water and vacuum heat treatments 
3. Results and Discussion 
3.1. Surface morphological and chemical characterizations after alkali-heat treatments 
Figure 1 schematically illustrates the cross-sectional view of samples showing three zones: coating 
layer, interfacial layer and substrates. Scanning electron microscopy was conducted to characterise the 
surface morphology evolution of Ti samples after each treatment. Figure 2 shows the surface SEM 
images of alkali, alkali-DI water and alkali-DI water-heat treatments samples, respectively. It is noted that 
the submicron-sized porous network structure was formed after the alkali treatment. The thickness of 
coating layers was increased with the steps of treatments, and the 5M-W-H has the relatively thicker one. 
It is also found that the surfaces of 5M-W-H sample contain a relatively higher amount of oxygen then 
other ones by EDX. 
 
 
 
 
 
Fig. 1. Schematic illustration of sample’s cross section. 
Substrate 
Coating layer 
Interfacial layer 
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Fig. 2. Surface morphology of samples after alkali, DI water, atmospheric/vacuum treatments, respectively. 
The wettability was used for estimating the bioactivity of the specimen. Figure 3 reveals that the 
contact angle of the samples has an apparently decrease after alkali treatment. The 5M-W-H has the 
lowest value among entire specimens, which is expected that has the best bone-like apatite inducement 
ability. 
 
 
Fig. 3. The contact angle measurement of samples after cleaning, alkali, DI-water, and heat treated at different atmosphere 
conditions, respectively. 
3.2. Evaluation of bone-like apatite inducement in m-SBF 
The alkali-DI water-heat treated samples were soaked in the prepared m-SBF at 36.5ºC in an incubator 
for up to 7 days to evaluate their apatite forming ability (bioactivity). Overall, from the SEM images in 
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Fig. 2, it can be seen clearly that the porous structures were uniformly covered on the Ti-6Al-4V surfaces 
before the bioactivity examination. Figure 4 reveals that some P/Ca-rich structures started to form on the 
porous structure after soaking in m-SBF for 3 days and a layer of coating was formed on the surfaces after 
immersion for 5 days and those thereafter. Both atmospheric and vacuum heat treated samples showed 
successful bioactivity. 
 
 
Fig. 4. SEM images of sample surfaces after soaking in m-SBF for various days. 
XRD was utilized for characterizing the structures formed on the surfaces each process. Figures 5 and 
6 reveal the XRD profile evolution of the alkali-DI water-atmospheric heat treated set samples and alkali-
DI water-vacuum heat treated counterparts after each treatment. Compared with these 2 figures, it is 
shown that a sodium titanate (Na2Ti5O11) hydrogel was created in both samples. However, titanium 
oxides (anatase and rutile) were found in 5M-W-H specimen, which was introduced from the reaction 
between oxygen and Ti-6Al-4V substrate during heat treatment in atmospheric condition. Due to 
relatively lack of oxygen in the vacuum condition, the titanate phase could not be noticed in the 5M-W-V 
sample. Nevertheless, a series of clear HA peaks were arisen in the XRD patterns after soaking in m-SBF 
for 5 days on both specimen, and the strength of HA peaks was increased with soaking period of time in 
m-SBF. 
The results evidently show that the bioinert Ti-6Al-4V has been successfully bioactivated via alkali-DI 
water- heat treated techniques. A layer of bone-like apatite was successfully generated along the sample 
surfaces after immersing in m-SBF for 5 days. Interfacial mechanical bonding test will be carried out for 
the treated specimen in the future to confirm such beneficial effects. 
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Fig. 5. XRD patterns of 5M-W-H set samples in m-SBF for various days: (a) 0; (b) 1; (c) 3; (d) 5; (e) 7; (f) 14; (g) 17; (h) 21; (i) 28 
days, respectively. 
 
Fig. 6. XRD patterns of 5M-W-V set samples in m-SBF for various days: (a) 0; (b) 1; (c) 3; (d) 5; (e) 7; (f) 14; (g) 17; (h) 21; (i) 28 
days, respectively. 
4. Conclusions 
The 5M-W-H sample has the relatively thicker bioactive sodium titanate hydrogel, which also contains 
rich titanate phases in the coating structure. The 5M-W-H has the lowest contact angle value among entire 
specimens, which is expected to have favourable bone-like apatite inducement ability. A layer of bone-
like apatite was successfully generated along the alkali-DI water- heat treated sample surfaces after 
immersing in m-SBF for 5 days. 
185 Chi-Fen Lu et al. /  Procedia Engineering  36 ( 2012 )  179 – 185 
References  
[1] Albrektsson TO, Johansson CB, Sennerby L. Biological aspects of implant dentistry: osseointegration. Periodontology 2000; 
1994; 4: 58-73. 
[2] Zweymuller KA, Lintner FK, Semlitsch MF. Biologic fixation of a press-fit titanium hip joint endoprosthesis. Clin. Orthop. 
Relat. Res; 1988; 235: 195-206. 
[3] Ogiso M, Yamashita Y, Matsumoto T. Differences in microstructural characteristics of dense HA and HA coating. J. Biomed. 
Materi. Res; 1998; 41: 296-303. 
[4] Ducheyne P, Hench LL, Kagan A, Martens M, Bursens A, Mulier JC. Effect of hydroxyapatite impregnation on skeletal 
bonding of porous coated implants. J. Biomed. Mater. Res; 1980; 14: 225-237. 
[5] Stoica TF, Morosanu C, Slav A, Stoica T, Osiceanu P, Anastasescu C, Gartner M, Zaharescu M. Hydroxyapatite Films 
Obtained by Sol-gel and Sputtering. Thin Solid Films; 2008; 516: 8112-8116. 
[6] Xu W, Hu W, Li M, Wen C. Sol–gel Derived Hydroxyapatite/Titania Biocoatings on Titanium Substrate. Mater. Lett; 2006; 
60: 1575-1578. 
[7] Liu DM, Yang Q, Troczynski T. Sol-gel Hydroxyapatite Coatings on Stainless Steel Substrates. Biomaterials; 2002; 23: 691-
698. 
[8] Hsieh MF, Perng LH, Chin TS. Hydroxyapatite Coating on Ti6Al4V Alloy Using a Sol-gel Derived Precursor. Mater. Chem. 
Phys; 2002; 74: 245-250. 
[9] Eliaz N, Shmueli S, Shur I, Benayahu D, Aronov D, Rosenman G. The Effect of Surface Treatment on the Surface Texture 
and Contact Angle of Electrochemically Deposited Hydroxyapatite Coating and on Its Interaction with Bone-Forming Cells. 
Acta Biomaterialia; 2009; 5: 3178-3191. 
[10] Wang YQ, Tao J, Wang L, He PT, Wang T. HA Coating on Titanium with Nanotubular Anodized TiO2 Itermediate Layer 
Via Electrochemical Deposition. Transactions of Nonferrous Metals Society of China; 2008; 18: 631-635. 
[11] Lee Y, Wang C, Huang T, Chen C, Kao C, Ding S. In Vitro Characterization of Postheat-Treated Plasma-Sprayed 
Hydroxyapatite Coatings. Surf. Coat. Technol; 2005; 197: 367-374. 
[12] Chen D, Jordan EH, Gell M, Wei M. Apatite Formation on Alkaline-Treated Dense TiO2 Coatings Deposited Using the 
Solution Precursor Plasma Spray Process. Acta Biomaterialia; 2008; 4: 553-559. 
[13] De GK, Geesink R, Klein CPAT, Serekian P. Plasma sprayed coatings of hydroxylapatite. J. Biomed. Materi. Res; 1987; 21: 
1375-1381. 
[14] Mencik J. Echanics of Components with Treated or Coated Surfaces. Kluwer Academic Publishers; 1995, p. 202-205. 
[15] Giavaresi G, Fini M, Cigada A, Chiesa R, Rondelli G, Rimondini L, Torricelli P, Aldini NN, Giardino R. Mechanical and 
Histomorphometric Evaluations of Titanium Implants with Different Surface Treatments Inserted in Sheep Cortical Bone. 
Biomaterials; 2003; 24: 1583-1594. 
[16] Hong TF, Guo ZX, Yang R. Fabrication of porous titanium scaffold materials by a fugitive filler method. J. Mater. Sci. 
Mater. Med; 2008; 19: 3489-3495.  
[17] Kokubo T, Sakka S, Kushitani H, Kitsugi T, Yamamuro T. Solutions Able to Reproduce in Vivo Surface-Structure 
Changes in Bioactive Glass-Ceramic A-W3. J. Biomed. Materi. Re;. 1990; 24: 721-734. 
[18] Kim H, Himeno T, Kokubo T, Nakamura T. Process and Kinetics of Bonelike Apatite Formation on Sintered 
Hydroxyapatite in a Simulated Body Fluid. Biomaterials; 2005; 26: 4366-4373. 
[19] Nishiguchi S, Nakamura T, Kobayashi M, Kim HM, Miyaji F, Kokubo T. The Effect of Heat Treatment on Bone-Bonding 
Ability of Alkali-Treated Titanium. Biomaterials; 1999; 20: 491-500. 
[20] Miyazaki T, Kim H.M, Kokubo T, Ohtsuki C, Kato H, Nakamura T. Mechanism of Bonelike Apatite Formation on 
Bioactive Tantalum Metal in a Simulated Body Fluid. Biomaterials; 2002; 23: 827-832. 
[21] Kokubo T. Apatite Formation on Surfaces of Ceramics, Metals and Polymers in Body Environment. Acta materialia; 1998; 
46: 2519-2527. 
[22] Kokubo T, Takadama H. How Useful is SBF in Predicting in-vivo Bone Bioactivity. Biomaterials; 2006; 27: 2907-2915 . 
